ABSTRACT This paper investigates and analyses the feasibility of different energy storage systems for solar road lighting systems. The energy storage systems used in this paper are divided into two cases, namely, homogenous energy storage system [lead-acid (LA) batteries, lithium-ion (LI) batteries, and ultracapacitors (UCs)] and hybrid energy storage systems [lead-acid batteries with ultracapacitors (LA and UC) and lithiumion batteries with ultracapacitors (LI and UC)]. Various solar power schemes are implemented based on stable and unstable solar irradiance conditions using an experimental setup. The economic analysis of the solar road lighting systems is performed based on the presented energy storage systems using discounted payback period (DPP), net present value (NPV), and internal rate of return (IRR). The installation of energy storage systems with individual and central systems for the solar road lighting system is also discussed. The results show that the LA batteries, LI batteries, and UCs yielded satisfactory active power quality for effective charging in all ranges of solar irradiance. However, the lifetimes of battery devices are degraded during dynamic active power charging. To overcome this shortcoming, hybrid energy storage systems are proposed using batteries and UCs. The use of LA batteries yields the lowest installation cost. However, the LI batteries offer the best economic viability in the long term. The cost of the UCs is too high to be used as an energy storage system for solar road lighting systems. However, the use of appropriate proportions of the UCs with batteries to reduce current and active power fluctuations for charging the batteries is economically viable.
I. INTRODUCTION
Solar energy is one of the renewable energy sources suitable for a road lighting system. A solar system installed on a light pole can generate electrical energy from solar irradiance, which is stored in an energy storage system. When the road lighting system is activated, stored energy is supplied to the luminaire, which does not rely on the electrical grid. Thus, an energy storage system is generally utilized to address mismatch between the road lighting system and solar power. Moreover, the energy storage system enhances and improves energy efficiency and power quality at low costs.
Nowadays, solar energy technology has advanced, and its penetration has increased owing to its cost-effective and renewable power source. However, the electrical energy generated from solar systems fluctuates due to changes in The associate editor coordinating the review of this manuscript and approving it for publication was Khmaies Ouahada.
weather conditions, leading to difficulties in the application of solar energy for road lighting systems. Therefore, the integration of an energy storage system and a solar-based road lighting system ensure that the required voltage and current levels are maintained, particularly during variations in solar irradiance [1] , [2] . Furthermore, the energy storage system also is employed to reduce the total cost of the solar system by meeting the load demand and maintaining the power quality of the system [3] . The conventional energy storage systems used in a solar system are lead-acid (LA) and lithium-ion (LI) batteries. Batteries provide the benefit of high energy density, but have low power density, slow dynamic response, and low charge/discharge rates [4] , [5] . Although an LI battery has higher energy density and longer cycle life compared to an LA battery, the cost of the former is significantly higher [6] , [7] .
On the other hand, an ultracapacitor (UC) is an energy storage system that can withstand unstable and high current compared to batteries [8] . Although an UC has low energy density and high costs, it offers potential benefits such as high-power density, high charge/discharge rates, and long cycle life [9] , [10] . Thus, it is used in many applications such as to smoothen out active power fluctuations due to the inherent intermittent features of renewable energy, deal with transient and oscillatory components of power in a hybrid energy storage, respond to high-frequency components of regulation signal in order to improve the profitability of regulation service, and extend the battery lifetime [11] , [20] . In [14] , a multi-objective optimization problem was used to optimize the sizes of batteries and UCs in order to reduce cost, weight, volume, and prolong the battery lifespan. The result shows that cost reduction and long battery lifespan are contradictory. However, the study in [15] demonstrated that using UC together with batteries is cost effective and can lead to extension of the battery lifetime.
The typical lifetimes of energy storage systems for solar systems are 2.5-4.5 years and 10.5-12.5 years for LA battery and LI battery, respectively [6] . Moreover, the battery cycle life may be reduced due to fluctuations in the electrical energy from a solar system and the number of unstable energy consumption units in each period. Therefore, the combination of batteries and UCs (hybrid energy storage system) provides complementary qualities and an effective solution that can meet a wide range of power and energy requirements, which increases the cycle life of batteries by reducing battery stresses [21] - [27] .
As a rule, the hybrid energy storage system provides the benefit of different energy storage devices to compensate for the weaknesses of homogenous energy storage devices. Many studies have investigated hybrid energy storage systems to address the challenges of solar energy [16] - [20] . The study in [16] investigated power management of a solar system, load, and battery. UC was employed to increase the conversion efficiency during fluctuation and variabilities of solar power and load, which can decrease the charge/discharge of the battery. The study in [17] investigated the power management topology of a hybrid energy storage system for solar power based on wireless sensor network to minimize the number of charge/discharge cycles of the batteries and prolong the battery lifetime. Furthermore, power management techniques for a hybrid energy storage system and solar power have been investigated to mitigate the charge/discharge stress on the battery and extend its lifetime [18] - [20] .
The above research articles show that battery energy storage systems play a significant role in increasing solar power utilization efficiency [1] - [3] . However, using only a battery leads to low performance due to the intermittent nature of solar power [4] - [10] . Hybrid energy storage systems have been proposed using UCs and batteries to address this shortcoming [11] - [27] . In addition, previous studies by the author investigated the use of a solar charger for batteries [28] and a comparison of the power quality of high pressure sodium and light emitting diode luminaire solar road lighting systems [29] . However, the energy storage of solar road lighting systems has not been reported. This paper extends the results previously published in [30] . This study investigates the feasibility of using different energy storage systems for solar road lighting systems. Homogeneous energy storage systems with LA batteries, LI batteries, UCs, and hybrid LA and UC and LI and UC energy storage systems were investigated. An experimental setup was constructed to measure the active power stored in the energy storage systems based on stable and unstable solar irradiance conditions. Next, the economic aspect of the energy storage systems used in the solar road lighting systems was evaluated for individual and central system configurations. Furthermore, the economic feasibility of the hybrid energy storage systems, namely LA and UC and LI and UC systems, was also analyzed. The rest of the paper is organized as follows: section II presents the configuration of the energy storage systems for a road lighting system, whereas section III presents the experimental setup used in measuring the active power for charging the energy storage using solar power. Section IV presents the experimental results and discussions, whereas the economic evaluation of different energy storage systems employed for solar road lighting systems is presented in section V. Finally, the conclusion of the paper is presented in section VI.
II. ENERGY STORAGE FOR ROAD LIGHTING SYSTEMS
The energy storage of road lighting systems is used for storing electrical energy generated from solar power during the daytime such that stored energy can be used to supply the road lighting systems during periods of no sunlight. The energy storage of road lighting systems has two configurations, namely individual and central energy storage systems.
-Individual energy storage system In an individual energy storage system, the energy storage and solar systems are installed in a road lighting system. One set of a road lighting system consists of a solar panel, an energy storage system, a charge controller, an inverter, and an LED luminaire, as shown in Fig. 1 . In the daytime, a solar system installed in each pole generates electrical energy from solar irradiance and energy is stored in the energy storage to supply the road lighting system via a DC/AC converter. It can be observed that the operation of the individual energy storage system is separate from those of other road lighting systems.
-Central energy storage system In a central energy storage system for a solar road lighting system, the energy storage systems of multiple road lighting systems are integrated into one set. The system comprises a large energy storage system for multiple road lighting systems, a single charge controller to control energy flow to the storage system, and a DC/AC converter to supply the road lighting systems, as shown in Fig. 2 . The advantages of the central energy storage system are that it can reduce the number of charge controllers and inverters, and hence reduce the cost of devices and maintenance. However, the central energy storage system needs to handle a higher voltage level than the individual system to reduce the current level of the system.
The most commonly used energy storage system for solar systems is LA battery, which has high energy density and low cost but suffers from low lifetime and low power density when charged with intermittent and fluctuating energy from solar power. Therefore, other energy storage devices, such as LI battery and UC, are used as presented in Table 1 . Table 1 presents a comparison of the essential characteristics of three energy storage systems. These systems have distinctive advantages and disadvantages. Batteries generally have good energy density and self-discharge rates, but their cycle efficiency is poor. By contrast, UCs have an outstanding power density and cycle life, but low energy density and high self-discharge rates. Therefore, LA and LI batteries are typically employed in large-scale energy storage systems and automotive applications, whereas UCs are employed in applications that require high power capability for short durations [6] , [31] - [34] .
The energy storage systems of a solar road lighting system are charged using solar power, which is characterized by unstable current and active power. Thus, the energy storage devices have a fast response time and resistance to current and active power fluctuations. Energy storage systems are the main energy sources used to supply electrical energy to road lighting systems at night when the solar system cannot produce electrical energy. Therefore, energy storage systems [6] , [31] - [33] .
should have high capacity, high efficiency, and low maintenance in order to continuously supply electrical energy to the road lighting systems.
III. EXPERIMENTAL SETUP OF ENERGY STORAGE CHARGING BASED ON SOLAR POWER
The active power characteristics for charging different energy storage systems are investigated using the experimental setup shown in Fig. 3 (a) . The energy storage systems are 1) homogeneous systems: LA batteries, LI batteries, and UC, and 2) hybrid energy storage systems: LA and UC and LI and UC. The experimental setup comprises a 3-phase voltage power supply of 400/230 V to supply power to a PV simulator, which simulates solar power based on solar panel properties, solar irradiance, and temperature, a 30 A solar charge controller to protect the energy storage devices from overcharging and to control the charge processes to achieve the highest efficiency based on MPPT technique, a power quality meter to measure and record electrical data, 24 V 120 Ah LA batteries, 24 V 100 Ah LI batteries, 48 V 330 F UCs, LA and UC, and LI and UC. Fig. 3 (b) depicts the schematic diagram for measuring the active power of homogenous energy storage systems. The active power generated from the solar power is measured at point 1, whereas the active power stored in each energy storage system is measured at point 2. For the hybrid energy storage systems shown in Fig. 3 (c) , the active power generation of solar power is also measured at point 1. In this case, the active power of the energy storage system is divided into two points, namely point 2 and point 3 to observe the active power characteristics of each energy storage system when they are in operation. In the cases investigated, the solar panel and solar irradiance curves, which are components of solar power outputs, were selected and implemented using PV simulator software (see Fig. 4 ). In addition, the rate of solar power generation was increased by a factor of 10 using the function tool of the PV simulator software, resulting in 1.2 h per case study.
IV. EXPERIMENTAL RESULTS AND DISCUSSIONS
Results obtained from the experiment are presented and analyzed in this section, which are divided into two cases, namely the homogeneous energy storage systems and the hybrid energy storage systems. For the homogeneous energy storage systems, the results of active power for charging LA batteries, LI batteries, and UC based on stable solar irradiance condition are shown in Fig. 5 , whereas results for unstable solar irradiance condition are shown in Fig. 6 . Furthermore, results of the hybrid energy storage systems, that is LA and UC and LI and UC systems, for stable and unstable solar irradiance conditions are illustrated in Fig. 7 and Fig. 8 , respectively.
-Homogeneous energy storage systems Results of active power from solar power generation and charging of the homogeneous energy storage system, namely LA batteries, LI batteries, and UCs based on stable and unstable solar irradiance are presented in this subsection. Fig. 5 shows that LA batteries, Li batteries, and UCs can be effectively charged by solar power during the day, as shown in the active power of each energy storage system (see Fig. 5 (b), Fig. 5 (c) , and Fig. 5 (d) ) compared to the active power generated from solar power (see Fig. 5 (a) ). As a rule, LA and LI have a similar chemical reaction in the energy storage devices, resulting in a similar active power charging, as shown in Fig. 5 (b) and Fig. 5 (c) . UCs provide a slightly different active power (see Fig. 5 (d) ) from those of batteries due to the basic components of UCs. However, results show that UCs can act as an energy storage system for road lighting systems. For stable solar irradiance, all the energy storage systems can be charged using consistent active power without dynamic power, which does not affect the energy storage efficiency and lifetime.
Results of the case of unstable solar irradiance shown in Fig. 6 indicate that LA batteries, LI batteries, and UCs can effectively store active power during the intermittent solar irradiance levels. Although UCs exhibited increased capability to handle current and active power fluctuations compared to batteries, LA and LI batteries demonstrated sufficient capability as energy storage systems for solar road lighting systems. However, batteries charged with unstable solar power (see Fig. 6 (a) ) exhibited active power fluctuations as shown in Fig. 6 (b) and Fig. 6 (c) , resulting in a shorter lifespan, particularly during the period 9:00-14:00 with high fluctuation in solar power generation. On the other hand, this issue did not affect the lifespan of UCs as they can withstand current and active power fluctuations.
Results of active power charging of LA batteries, LI batteries, and UCs show similar characteristics in both stable and unstable solar power generation. Thus, all the energy storage devices can be utilized for solar road lighting systems.
-Hybrid energy storage systems Results of active power from solar power generation and hybrid energy storage system charging, namely LA and UC and LI and UC, based on stable and unstable solar irradiance are presented in this subsection. Fig. 7 shows results of active power for charging hybrid energy storage systems based on stable solar irradiance; Figs. 7 (a)-(c) show the LA and UC system, whereas Figs. 7 (d)-(f) show the LI and UC system. The results show that batteries were used as the main energy storage. The active power results for LA and UC and LI and UC systems are somewhat similar (see Fig. 7 (b) and Fig. 5 (e) ) as LA and LI batteries have similar storage characteristics. In these cases, UCs are employed, as their internal impedance is lower than that of the batteries, in order to handle most of the dynamic power from solar generation during periods of rapid changes in solar irradiance levels, such as 8:00-9:00 and 16:00-17:00 for the LA and UC system, as shown in Figs. 7 (a)-(c) , as well as 7:00-8:00 and 16:00-17:00 for the LI and UC system, as shown in Figs. 7 (d)-(f) . Hence, the batteries undergo less fluctuation in active power charging, leading to longer lifespan. However, the total active power for charging the hybrid energy storage system is combined, such that the system voltage depends on the state of charge of the batteries. As shown in Figs. 7 (c) and 7 (f), the UCs are charged together with the batteries using solar power during the first period, which is constant voltage charging. When the batteries are almost full, the constant current state is employed to reduce the system voltage levels. Hence, the active power of UCs should be discharged to the batteries owing to the inherent feature of UCs. However, the active power of batteries in the cases of homogeneous and hybrid energy storage systems is hardly different at stable solar irradiance.
During unstable solar irradiance (see Fig. 8 ), the use of UCs can mitigate the effects of dynamic active power for charging batteries, as can be observed in the active power of the case with and without UCs shown in Fig. 6 (b) and Fig. 8 (b) for LA batteries and Fig. 6 (c) and Fig. 8 (e) for LI batteries. It can be observed that the dynamic active power of batteries in the hybrid energy storage systems decreased due to active power compensation from UCs. Thus, the batteries in the hybrid systems are more smoothly charged than the homogenous energy storage systems. As a result, the use of hybrid energy storage system can reduce the problem of battery lifetime especially during the period 9:00-14:00, which has high fluctuations in solar power generation (see Fig. 8 (a) and Fig. 8 (d) ).
In general, energy storage systems with high capacity and complex infrastructures are expensive due to high cost of technologies for energy storage devices. Therefore, the economic feasibility of using energy storage systems in road lighting systems should also be considered.
V. ECONOMIC EVALUATION
The economic evaluation of different energy storage systems for solar road lighting systems was performed using the geography of Thailand, which is a tropical climate located near the equator. The brightness of road lighting systems rely on natural light from 6.00 to 18.00 in the daytime. Thus, the road lighting systems were evaluated for 12 h a day and assumed annual operation of 4380 h. This location receives high solar irradiance owing to high solar generation performance with an average of 1000 W/m2 for roughly 5 h per day. The economic evaluation method used was dynamic methods to account for the time values of money by discounting the cash inflows of the project, namely discounted payback period (DPP), net present value (NPV), and internal rate of return (IRR).
We carried out economic comparison of three types of energy storage systems for the solar road lighting systems, namely LA battery system, LI battery, and UC. The LA battery system was utilized as the base case in the economic evaluation to perform DPP, NPV, and IRR analysis. Table 2 presents the installation costs and economic evaluation results of the individual and central energy storage systems for solar road lighting systems. The road length was 1 km and the assumed project life was 20 years. The road lighting luminaires were installed on both sides of the road in staggered arrangements, and the distance between luminaires was 36 m; thus, 56 luminaires were used. A 120-W LED luminaire with high energy efficiency was selected. The installation costs are divided into three categories, namely road lighting system costs, solar system costs, and replacement costs for 20 years.
Road lighting costs consist of luminaire cost, light pole cost, and electrical equipment and maintenance costs. The total road lighting costs are equal for all three cases, since the road lighting systems in all three cases used the same luminaire (120-W LED luminaire) and the system was not connected to electrical grid.
Solar system costs consist of solar panel cost, energy storage cost, charge controller cost, inverter cost, power wire cost, and electrical equipment and maintenance costs. The energy storage system cost constitutes a significant proportion of the system cost. For this reason, the use of LI battery and UC resulted in high installation costs.
Replacement costs consist of energy storage cost, charge controller cost, inverter cost, and operation and installation costs. Over the years, the devices can become damaged and degraded depending on their lifetime, and such devices need to be replaced. The LA battery is cheaper than the LI battery and the UC, but its lifecycle is low (2.5-4.5 years) leading to replacement of this unit several times during the project life, as well as high operation and installation costs. By contrast, the lifecycle of the LI battery is 10.5-12.5 years; therefore, this unit needs to be replaced only twice during the project life. The UC has a lifespan of more than 20 years (according to the datasheet, it has a cycle life of 1,000,000); thus, replacement of this unit is not required during the project life [6] , [33] .
The energy storage system is designed to provide energy for the solar road lighting systems for one day. Thus, the solar panel of 300 W is enough for the 120-W LED luminaire. The LA battery has a maximum discharge rate of 80% with a lifetime of 3.5 years. Therefore, the 120-W LED luminaire requires an LA battery of 1,800 Wh and six replacements during the project life. In the case of LI battery, the maximum discharge rate is 90%, whereas the lifetime is 11.5 years. Thus, the LED luminaire requires an LI battery of 1,600 Wh and two replacements during the project life. The UC has a maximum discharge rate of 95% and a lifetime of more than 20 years. Thus, the LED luminaire requires an UC of 1,515 Wh and no replacement during the project life.
When comparing the solar road lighting system costs for different energy storage systems, we found that the LI battery cost is $630/kWh, which is significantly higher than that of LA battery ($124/kWh). However, when the lifetime of the project is considered, using LI battery leads to slight increase in the installation cost due to its energy efficiency and lifetime. The total installation cost of UC is very high compared to those of other cases owing to its relatively new technology and high cost of the device.
For the individual energy storage system, the solar panel, the energy storage device, and the control devices are installed in each road lighting system. Thus, there are 56 sets of energy storage systems for a 1-km road. For the central energy storage system, one set of the energy storage system is designed to handle 14 solar road lighting systems. Thus, there are four sets of energy storage systems for a 1-km road. When the installation costs are considered, the total solar system costs of the central system are lower than those of the individual system for all the energy storage devices. The central installation system can reduce the number of devices, that is, the charge controller and the inverter. However, this system increases the power wire cost, as the system needs to send and supply electrical energy from the solar energy storage systems to each road lighting system.
A project lifetime of 20 years was used for the economic evaluation based on the lifetime of the solar panel, whereas the discount rate was assumed to be 2%. The solar road lighting system with LA batteries has the lowest installation cost, whereas the use of UC yielded the highest installation cost. The use of LA batteries leads to a high annual maintenance cost due to their short lifecycle, as the battery needs to be replaced frequently. The LI batteries and UCs have similar annual maintenance costs. The solar road lighting systems can lead to savings in electricity cost of $8,506 per year compared to a conventional 250-W high pressure sodium (HPS) road lighting systems.
Results of the economic evaluation of different energy storage systems for both the individual and the central systems show that the DPP, IRR, and NPV of the energy storage system of LI batteries are 4.5 years, 23%, and $100,522, respectively. All the economic indicators of UCs show that investing in this technology for a project life of 20 years is not economically viable owing to the high costs of UCs. The individual and central energy storage systems have the same economic assessment. However, the central system offers the advantage of lower installation costs. According to the economic analysis, the installation of only UCs is not economically viable as UCs are very expensive. Hybrid energy storage systems namely LA and UC and LI and UC are proposed owing to the outstanding fast response and high-power density of UCs. Hybrid energy storage systems can reduce the dynamic active power for charging the battery, resulting in long battery lifetime. Moreover, existing studies also confirmed the increase in battery life as a result of using UC [16] - [20] , [22] - [27] . Fig. 9 and Fig. 10 show results of the economic feasibility according to IRR and NPV indicators for solar road lighting systems using central energy storage systems for LA and UC and LI and CU, respectively. The number of LA and LI battery replacements decreased as the use of UCs with batteries increases the lifetime of the energy storage system. Hence, the system has a low installation cost. Fig. 9 shows that UC proportions of 10%, 15%, 20%, and 25% exhibited a beneficial effect on economic viability according to the IRR and the NPV. However, UC proportions of 20% and 25% yielded low IRR and NPV values, resulting in less economic viability than those of proportions of 10% and 15%. In the case of the LI and UC hybrid energy storage systems shown Fig. 10 , UC proportions of 10%, 15%, 20%, and 25% exhibited a positive influence on economic viability, similar to that the LA and UC case. The increase in UC proportion results in higher energy storage system costs, as well as low IRR and NPV values. Although LI batteries have higher energy efficiency and longer lifecycle, the LA and UC hybrid energy storage system has lower economic viability compared to LI and UC owing to the high initial costs of LI batteries and UCs. Hence, the combination of the two energy storage devices leads to high installation costs.
VI. CONCLUSIONS
In this study, we investigated the feasibility of using both homogeneous and hybrid energy storage systems. Results show that LA batteries, LI batteries, and UCs can be effectively used as energy storage systems for solar road lighting systems based on stable and unstable solar irradiance conditions. However, for unstable condition, LA and LI batteries are continuously charged by dynamic active power, thereby reducing their lifespan. Thus, hybrid energy storage systems can be used as an alternative by using UCs to absorb dynamic active power, resulting in smooth charging of batteries and longer battery lifetime. The solar road lighting system using energy storage system with LA batteries had the lowest installation cost. However, LA batteries suffer from low power density and short lifetime, resulting in high replacement costs. In the long term, the use of LI batteries for solar road lighting systems is economically viable with DPP, IRR, and NPV of 4.5 years, 23%, and $100,522, respectively. Although the use of UCs as energy storage systems provide many advantages in terms of power density, response time, charge/discharge, and lifetime, the cost of the system is too high. As a result, it is not economically viable as an energy storage system for solar road lighting systems. The energy storage system with central installation had lower installation costs than the individual system, as the central system uses fewer control devices. For hybrid energy storage systems with batteries and UCs, the use of appropriate proportion of UC can be economically viable.
